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I  INTRODUCTION 


The  purpose  of  this  report  is  to  present  the  results  of 
a  study  of  the  pressure  and  temperature  dependence  of  visco¬ 
elastic  properties  of  the  ‘ ubricant  KRYTOX  143  AC(MLO-71-6) 
using  light  scattering  and  ultrasonic  techniques.  The  techniques 
used  included  Brillouin  scattering,  digital  correlation 
spectroscopy,  low  frequency  ultrasonics  as  well  as  standard 
falling  slug  viscometry  and  capillary  viscometry.  The  de¬ 
tails  of  the  techniques  used  have  been  previously  described 
in  detail  in  our  technical  reports  Number  1  and  Number  2  and 
therefore  will  not  be  presented  again  here  in  detail.  Only 
those  equations  necessary  for  treatment  of  data  will  be  in¬ 
cluded.  Comparison  of  the  results  of  this  study  with  previous 
data  in  this  fluid  reported  by  Midwest  Research  for  the  bulk 
modulus  and  pressure  dependence  of  the  viscosity  will  be  made. 
Comparison  will  also  be  made  with  reported  data  of  Cameron 
and  Paul  where  calculations  of  the  viscosity  were  made 
using  their  optical  falling  ball  viscometer.  The  sample  of 
Krytox  143  AC  was  supplied  by  AFML  at  Wright -Patterson  AFB 
and  was  known  to  be  of  the  same  type  as  that  used  by  A. 

Caheron;  as  such  we  feel  that  for  the  first  time  the  data 
presented  here  provide  a  detailed  comparison  of  Cameron's 
technique  with  more  conventional  viscometric  trchniques  on 
samples  known  to  be  identical. 
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2. 


XI  Modulus  Results 


...  I*®???*®”®11*18  of  the  longitudinal  modulus  were  made  using 
both  Brillouin  soattering  and  low  frequency  ultrasonic  techniques, 
Brillouin  scattering  measurements  were  made  as  a  function  of 
both  temperature  and  pressure  while  the  ultrasonic  measurements 
were  only  made  as  a  function  of  temperature. 


A.  Temperature  Measurements 

Measurements  or  the  longitudinal  Brillouin  frequency  shift 
were  made  at  1  atmosphere  from  -30  C  to  220  C.  From  the  measured 

™lu®?  A*  Brillouin  shlft  frequency ,  COg  ,  values  for  the 
longitudinal  sound  velocity  were  calculated  using  the  relation 

_  % —  —  COfr 

I  -yp  t) 

„  ' •,i!  ***  "avelc"9th  of  the  Incident  light  in  vacuum  and 

n  is  the  index  of  refraction.  Values  of  the  longitudinal  mo- 
dulus  are  then  calculated  using  the  relation 

/Y\=  prrf 

Calcuiations  were  performed  usinq  density  data  extrapolated  from 
rjP°rted  in  MldY*st  Research  report  AFML-TR-70-32,  Part  III 

pnuGX  °f  refracti°n  values  obtained  from  the  density  using 
the  Eykman  equation  tyz- I  y 

f°r  the  Bykman  equation  were  calculated  from  an  initial 
lue  of  n  measured  at  1  atmosphere  and  22  C.  Table  I.  contains 

rife«.^8?ltS  •!f^the?e  roeasurements  of  the  temperature  dependence 
of  the  longitudinal  modulus.  Included  are  the  values  of  the 
index  of  refraction  and  density  used  in  the  calculations,  in 

fangC  "30C  t0  +30  C  assured  values  correspond 
to  the  infinite  frequency  longitudinal  modulus  M  and  above  100  C 
they  Yielded  the  low  frequency  longitudinal  or  bSlk  modulus 

riHae  3t  1<>W  fre<5uencies)  •  In  the  temperature 

ge  30  C  to  +  100  C  measured  values  were  in  the  relaxation 
region . 


Temperature  measurements  of  the  longitudinal  modulus  were 
also  made  at  2  Mhz  using  ultrasonic  "sing-around"  techniques. 
Wiese  measurements  gave  values  of  the  low  frequency  modulus 

in°the  reiav°f+  133  c;  Below  60  C  this  technique  measured  values 
the  relaxation  region.  At  the  lowest  temperature  (-60  C) 

the  measured  value  was  almost  the  infinite  frequency  value. 

Wiese  values  are  given  in  Table  II.  Results  of  both  the  tem- 

perature  measurements  of  the  longitudinal  modulus  are  shown 
graphically  m  Fig.  l. 


TABLE  It  BRILLOUIN  SCATTERING  VS.  TB4PE NATURE 


T(  ?C) 

ttB«Shs) 

n 

VL(«/««c) 

p  (gm/cm3) 

M  ( xl  0 1  °dyne  «/cib2  ) 

-30 

4.96 

1.316 

1372 

1.992 

3.75 

-20 

4.75 

1.313 

1312 

1.975 

3.40 

-10 

4.47 

1.310 

1240 

1.958 

3.01 

0 

4.22 

1.308 

1175 

1.941 

2.68 

10 

3.93 

1.305 

1095 

1.925 

2.31 

20 

3.68 

1.301 

1030 

1.909 

2.03 

40 

3.23  > 

1.296 

906 

1.875 

1.54 

60 

2.79  ! 

1.291 

787 

1.842 

1.14 

80 

2.35  , 

1.285 

665 

1.809 

0.80 

100 

2.04 

1.279 

581 

1.777 

0.60 

120 

1.88 

1.273 

536 

1.742 

0.50 

140 

1.69 

1.266 

485 

1.701 

0.40 

160 

1.59 

1.262 

457 

1.677 

0.35 

180 

1.50 

1.256 

434 

1.643 

0.31 

200 

1.38 

1.249 

403 

1.601 

0.26 

220 

1.28 

1.245 

374 

1.577 

0.22 

TABLE  II: 

LOW  FREQUENCY 

ULTRASONIC  RESULTS 

T  (  •  C) 

VL (m/sec) 

p (gm/cm3) 

,  ,«10  ,  2 

M (xlO  dynes/cm  ) 

-60 

1493 

2.042 

4.55 

-50 

’  1382 

2.026 

3.87 

-40  ** 

1256 

2.009 

3.17 

-30 

1127 

1.992 

2.53 

-20 

973 

1.975 

1.87 

-10 

861 

1.958 

1.45 

0 

803 

1.941 

1.25 

20 

742 

1.909 

1.05 

40 

697 

1.875 

0.91 

60 

655 

1.842 

0.79 

80 

622 

1.809 

0.70 

100 

581 

1.777 

0.60 

120 

536 

1.742 

0.50 

140 

485 

1.701 

0.40 

ULTRASONIC  DATA 
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3. 


B.  Pressure  ^asureroents 

Brillouin  scattering  measurements  were  performed  as  a 
function  of  pressure  at  22.5  C  from  1  atmosptere  ^  45  000  osi 

£ferefr^ot(M  WSl1  "  016  corresP°nding  densities  and  indices  ' 
of  refraction  are  given  in  Table  III  Over  ^tZ  inaices 

£T  ^e^nfinlte^1"65  °f  lon9itudinal  modulus  correspond 
and  pressure 'modulus^ata'when  “ftst  TlTtll  “*  temperavnre 

32\  Z3S%?£  —  - 

a  rather  ^  h  pressure  and  temperature  measurements  over 

dependence *0  f  %h  °f  lt  Seems  «**  the  temperature 

dependence  of  the  longitudinal  modulus  is  predominantly  due  to 

the  temperature  d  'pendence  of  the  density. 

"  of  pressure  h-.ve  been  used  to  obtain  esti¬ 

mates  of  the  bulk  modulus  where  it  is  needed  for  calculation  here. 

C.  Shear  Modulus 

fefforta  have  been  made  to  measure  the  high  frequency  shear 

ionai t udina Wh°le  temPerature  and  pressure  range  of^the 
d  k1  roeasurements^  but  Brillouin  scattering  from  pro- 
It??* th  ShGar  WaV6S  W3S  not. observed.  Our  only  conclusion 

ment  is  tha^tiu^ont*  fai?‘ure  of  this  Portion  of  the  experi- 
the  inte^tv^f  2?^  “9  coefficient  which  determines 
cne  intensity  of  the  light  scattered  by  these  particular  flue- 

S  L  "att^ed^tb3"81^*0  CaUSe  3  etectable  Amount 'of  ^light 
to  be  scattered  by  their  fluctuations.  Because  we  were  unable 

from  Se  ^a“radrLG:AdWK  ""T  Calculated  the  values  used  later 
™m  uie  measured  M*  and  K0  values  using  the  relation 

/Hb-KJ 

nn:rbaereen  To  ptt  Jd^  r*  *  °f  6- 

in  Table  HI  along  with  the  values  of  M„  used  Ln’tne  c“culaHo"ns 


TABLE  III*  PRESSURE  MODULUS  DATA 
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4. 


Ill  Viscosity  Measurements 

°f  **e  ahear  viscosity  were  obtained  using  capillary 

Hr 

obtainedC0rreletOr  *19ht  scatterln9  measurements.  Results  were 

the  different  of  b°<*  temperature  and  pressure  using 

the  different  techniques  depending  on  the  region  of  measurement. 

A.  Temperature  Measurements 

*iscosity  measurements  were  made  as  a  function  of 
temperature  from  -65  C  to  175  c  ,  *um.tion  or 

agre^very^ell  **  ^  *' 

agree  very  well  with  those  reported  by  Midwest  Research  in  fho 
temperature  range  of  overlap,  while  tie  nZ„\  the 

taken  to  much  higher  viscosities  IhantJ*  measurements  were 

B*  Pressure  Measurements 

at  lo'TuTilTT8  °fv^cosity  made  as  a  function  of  pressure 

viscometer  uses  ^LVDT  ^.inodlf:Le^  falling  slug  viscometer.  The 
to  de^ct  t^rL:io^f(^esairur^ Ltage  differentia!  transferor) 
have  been  modified  to  allow  very 'small  ^  a®SOClated  electronics 
of  20  microns)  to  be  measured  U  dl®placenients  (°n  the  order 

system  is  capable  of  “I^g  JSlZlill  ^ 

?l  TotS:ZT,T  deSOribed.Ker<i  bave  been  carried  o^t  o^y  to'56' 

^i7Tfr:*rTsayng 

plotted^  s  thlS  "an"er  are  9iv=„  in  Table  V  and  are 

“eErIsSt-Softithe  struct“a'a^”a*ation”lcUonal  tetlufof 

section.  Only  the^esultr^"^111  be.presented  in  the  next 
»snnsr  will  be  Sported  “ere  -acoa^ies  calculated  in  this 

K.  asVdescriLfdGin”Lrct“nCIiatemefr?ni^arred  Val“eS  °£  "<»  “d 

that  the  averaqe  relaxation  «■<  ^  inj-tial  assumption  was  made 

correlation  IZtZL -u^tTthl^  ^  T""" 

time  r6.  hn  effective  longitudinriislosUyl^^ca^ullted 
in  this  manner  using  the  relation  caicuiateu 


table  IV 


TEMPERATURE  VISCOSITY  RESULTS 


T(°C) 

1/T(x1C3K_1) 

ti  (Stokes) 

-65 

4.804 

1.73  xlO® 

-60 

4.692 

1.74  xioj 

-55 

4.584 

1.59  xl  Z 

-50 

4.481 

2.47  xlO? 

-45 

4.383 

4.96  xlO* 

-40 

4.289 

1.57  xlO, 

-35 

4.199 

5.12  xlO, 

-30 

4.113 

2.00  xlj. 

-25 

4.030 

9.83  xlO, 

-20 

3.950 

4.73  xlO, 

-15 

3.874 

2.38  xlO, 

-10 

3.200 

1.28  xlO2 

0 

3.661 

4.49  :lo| 

10 

3.532 

1.80  xlO 

20 

3.411 

8.30 

30 

3.299 

4.40 

40 

3.193 

2.67 

50 

3.095 

1.63 

75 

2.872 

5.76  xlO~* 

100 

2.680 

2.76  xlO  T 

125 

2.512 

1.52  xlO  ", 

150 

2.363 

9.36  xlO  , 

175 

2.231 

6.19  xio”2 

p(gm/cm3) 

H (Poise) 

lo^i0n (Poise) 

2.051 

3.55 

lrt8 

xlO- 

8.55 

2.042 

3.55 

xlO! 

7.55 

2.043 

3.24 

xlO? 

6.51 

2.026 

2.017 

5.01  xlO3 

1  xlO5  . 

5.70 

5.0 

2.009 

3.16 

xlO* 

4.50 

2.000 

1.02 

xlO, 

4.01 

1.992 

3.98 

xlO, 

3.60 

1.983 

1.95 

xlof 

3.29 

1.975 

9.33 

xlO, 

2.97 

1.966 

4.68 

xlO, 

2.67 

1.958 

2.51 

xlO, 

2.40 

1.941 

8.71 

xio: 

1.94 

1.925 

3.47 

xior- 

1.54 

1.909 

1.58 

xlO 

1.20 

1.892 

8.32 

.92 

1.875 

5.01 

.70 

1.858 

3.02 

.48 

1.818 

1.05 

.02 

1.777 

4.90 

xio~: 

-.31 

1.734 

2.63 

xio": 

-.58 

L.693 

1.652 

1.58 

1.02 

xio”: 

xio" 

-.8 

-.99 

Viscosity (poise) 


L 
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TABLE  V: 

PRESSURE  VISCOMETER  DATA  (20°C) 

P(psi) 

l(Pcise) 

logio  n^Poise) 

14.7 

1.58  xlO* 

1.20 

5000 

8.91  xlO* 

1.95 

10000 

4.79  xlO^ 

2.68 

15000 

2.45  xiof 

3.39 

20000 

1.26  xlO* 

4.10 

25000 

6.31  xlO* 

4.81 

30000 

3.47  xlO 

5.54 

TABLE  VI 


P(psi) 

<t> (sec) 

(xlO ^^dynes/cm2 ) 

n  _eff (Poise) 

Li 

n  (Poise) 

0 

-5 

5 

4 

20000 

5.23 

xlO 

1.52 

7.95 

xlO^ 

1.26 

xlO 

25000 

2.26 

xl0l 

1.80 

4.07 

xlO^ 

6.46 

xlO* 

30000 

1.01 

xlO  * 

2.07 

2.09 

xiO. 

xlO® 

xlO® 

3.31 

xlO^ 

35000 

4.56 

xlO  j 

2.35 

1.07 

1.7 

xlO? 

40000 

2.07 

xIO.j 

2.65 

5.50 

8.7 

xlO® 

45000 

9.72 

xlO 

2.90 

2.82 

Xl> 

xlO 

4.47 

xio' 

xlO® 

50000 

4.56 

xlO 

3.17 

1.45 

2.29 

TABLE  VII:  DIGITAL  CORRELATOR  RESULTS 
* 


P(psi) 

8 

x0  (sec) 

exp  (  1/48 2  ) 

<t>  (sec) 

20000 

.4 

1.10  xlO~® 

4.77 

5.23  xlO 

25000 

.37 

3.64  xlO"? 

6.21 

2.26  xlO 

30000 

.34 

1.16  xlO~* 

8.69 

1.01  xlO 

35000 

.31 

3.38  xlO 

13.48 

4.56  xlO 

40000 

.28 

8.55  xl0“!l 

24.26 

2.07  xlO 

45000 

.26 

2.41  xio-:: 

40.38 

9.72  xlO 

50000 

.24 

5.94  xlO- 

76.73 

4.56  xlO 

**•  in  to  vo  r-  oo 
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5. 


'e-ff- 

l.  -  <r> 

Values  of  , G  and  <t>  are  given  in  Tahlo  vi  ™n. 

values  reach  over  1  x  inlO  *77  9  *  Table  VI*  ^ese 

to  be  equal  to  the  sheet  vi SooS*.*'  “1 

viscosmesCandathrnhiS  ”?*  betWeen  the  ««ective  correlator  ‘ 
slug  viscometer  sZtolZ!!  measufed  by  the  falling 

st  z voi°7  r  rrrr 

proportional  aT^St^T.1aS:i.Tl^0ta^,e?  316  Cle“* 

b~"  -d  to  calculate1^6 
from  the  overlap  region  The  ^°Port^onalltV  constant  obtained 
manner  are  also  given  i^  Tto?J v?  !1Scosltlc=  obtained  in  this 
indicated.  The  vrscosrly  mlLured'It  20C  ^  5  aS 

roughly  exponential  pressure  dependence°C  r*  See"  t0  follow  a 
slug  viscometer  measurements  with  the  oAr-  °m  lning  the  falling 
relaxation  times  has  allowed  <-h  k  orrelator  measurements  of 
to  over  1  x  l?i  poUe  Z  Shear  viscosit*  to  be  obtained 

viscosity  data  reported  by  MidwZ  StesZch5  ^  PIeSSarc 
These  data  agree  well  with  thr»«-  *.  1,  •  r°h  at  higher  temperatures, 

20C.  Wlth  that  taken  in  present  study  at 


C.  Comparison  with  Cameron's  Results 

sent  experiments  and  the^ata  reported^^r*  °btained  in  the  P^e- 
in  their  Final  Report  AD  7822^ T  S  Cameron  and  p*ul 

measurement^ times'6 and  aTstol  S"  take".at  «“ 

as  a  measurement  of  the  static  shear66"  described  hy  these  authors 
used  are  of  the  same  tvJ  ™  ff  viscosity.  since  the  samples 

viscosity  behavior  as  that  reported  h  °^d  haVG  016  Same  Pressure 
data  taken  here  were  af  20  JTOdbyCameron  and  Paul.  The 
ported  in  Mnmx  rm  wniie  the  temperature  is  not  re- 

Zhors  Ito  toZZ  in  Private  communications  toe 

can  S MeTiZig  T  to“ZS  bel"9  betKeen  20  c  ■*  25  c. 

none  of  toe  curvature  'sZ  il  tol  !  “  Vl=Cositl’  d«a  have 

^surl^toea'ZIscosT^  Tt  tol VT" ^  ^ 

range  £  the  present  assure!  nto,' 17vITo77 

tained  In  tolHtodl0  ^  behaVi°r  £r"  the  data  °b‘  ' 
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l°9l0  vi»co*ity (poise) 


Pig.  5  Pressure  Viscosity  Data 
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Effective  Correlator  Viscosity  and 
Shear  Viscosity 

log10  Viscosity (poise) 


^9*^  Conparison  of  Shear  Viscosity  and 
C«»eron'a  Effective  Viscosity 


0*1 


of  Relaxation  Tima* 


^  Cweron'a  results,  we  must  ask 

f  ^  WU  ^Ct  °f  ***•  "«•*««*■  between  the 
experiments  is  due  to  the  dynamic  nature  of  Cameron's  experi- 

^^’n«A^l0W^Vi8CS8itie8'  i,e*  low  Pressures,  Cameron's  data 
show  no  time  dependent  change  in  the  calculated  viscosity,  in 

^*1  Cf*eron,B  calculated  viscosity  should  be  the 

equilibrium  viscosity.  Instead,  the  Cameron  data  fall  at 

^  K^<ll?08t  J*°  orders  of  "magnitude  below  our  viscosity  data. 

?  S™8^?8  Y*1®*®  time  dependent  effects  are  observed 

(above  30,000  pSi;  if  the  difference  is  to  be  explained  as  a 
viscoelastic  effect,  where  Cameron  is  measuring  a  dynamic 

than  *  static  viscosity,  viscoelastic  theory 
would  Predict  that  the  dynamic  experiment  should  measure  a 
viscosity  which  is  less  than  the  static  viscosity,  in  this 
region,  Cameron's  data  fall  above  the  static  viscosity  da£a. 

«^e8e  difference8'  ^el  that  the  differences  be- 

!  Cann<5t  BimplY  b®  exPlained  in  terms 
of  expected  differences  between  the  static  and  dynamic  viscosity. 
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rv  Structural  Relaxation  Correlation  Function  Measurements 

tion  are  *  reported  — lation  func- 

to  50, 000  psi.  over  this  range  of  study?8 ^00“^ tion  20'°0° 

1  Mat  ion  ?iUld  ^  ^  descril?ed  bV  »  single  distribution  of  re- 
our  reports^and^r^h8?6!!  a*  previous  studies  reported  in 

rela^iLtx^LT^  ^ 


ft('t')  =  '[a 


:;r-“  ~  »*■ 

l*  s m^c/r 

-nt™“el«“n  functions  ‘cal- 
obtain  a^^firT1  WKr*  then  °Verla',ed  ™>  the  actual  data  to 
the  width  of  the  distribut?onSS^d  obtai”i"9  a  value  for  6, 

needed  fS^tion-  The  “ve»ge  relaStion^a^ .^SUST 

J^cS^teTfor1^*^0^01  t*‘e  ViSC°Sity  ■ueasurements* 

culated  for  the  log-Gaussian  distribution  using  the  relation 

<^>  *  ^o  ff 

Values  for  0,  tq  and  <t>  are  given  in  Table  VII  Examnle.  nf 

20eaoorre^atldnJUnCti°nS  Which  V,ere  uaed  to  fi‘  the  data  at 
20,300  per  and  50,000  psi  are  given  in  Fig.  g  to  shL  h~  ‘L 

f*^9e8  °Ter  016  r“9e  of  measurement.  The  curves  h.Tve 
been  plotted  on  a  reduced  time  seal*.  (t/t  \  *  curves 

son  Because  of  the  very  bro“  ^^‘i&^eSSlSE;'1' 

rr£  s= 

ss“h:r 

surements  can  pres®ure*  the  shape  remains  constant,  mea- 

“  T  h®  ?*de  Where  ***  whole  correlation  function  is 
obtained  on  the  longest  time  scale,  allowing  relaxation  times 

£1**1°  “  °rd«  <*  -“Vuitude  or  more  longer  t£n  tt“e  report” 

tion  function  in  this  fluid  are  p«sent“  bS^g  carrie^ut0"^*' 
interesting  to  note,  however,  that  the  distributions  obtained 


8. 


bro,d«  than  thow  observed  in  neasurement. 
at  ^  Implies  that  viscoelastic  effects  aav  be 

SMI^hfeh  *"  Xrytox  143  AC  than  in  fluids  such  as 

is  LTf^-^f^tw  r*P°rte<1  0»-  hlso  shown  in  Pig.  8 

narrower  th..  f°T  5P4E  “hieb  as  can  be  seen  is  considerably 

an  even  that  at  the  lowest  pressure  in  Krytox  143  AC. 
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